ABSTRACT: The class Trebouxiophyceae is comprised of coccoid to ellipsoid unicells, filaments, blades and colony-forming species of green algae occurring in diverse terrestrial and aquatic environments. Some representatives have evolved parasitic heterotrophic lifestyles, others have been investigated for their biotechnological potential and others have evolved as integral components of lichen symbioses. In this review, we provide an overview of the current understanding of diversity, taxonomy and evolutionary context for the important lichen-forming algal class Trebouxiophyceae (Chlorophyta). In particular, we focus on members of the family Trebouxiaceae (Trebouxiales), the best-known, most widespread and most species-rich group of terrestrial, lichenised green algae. Recent investigations on the diversity of lichen phycobionts demonstrate the importance of implementing integrative taxonomic approaches. Therefore, combining analyses of morphological and anatomical traits with genetic data has improved our perspective of diversity in lichenised algae. More accurate recognition of diversity in Trebouxiophyceae will enhance our understanding of phylogenetic relationships and trait evolution, specimen identification in genomic and meta-bar-coding studies and patterns of specificity and selectivity among the lichen symbionts. We conclude with a discussion of the roles and transformative potential of high-throughput sequencing in research related to lichen-associated algae.
INTRODUCTION
Lichens are iconic examples of symbiotic associations. Traditionally, lichen symbioses have been characterised as obligate interactions between specialised fungi, the mycobiont, and autotrophic algae, the phycobionts (usually green algae, the chlorobionts, and/or cyanobacteria, the cyanobionts). The mycobiont is generally considered the host (exhabitant), or the predominant partner, with autotrophic algae located extracellularly within a matrix of fungal hyphae (Hawksworth & Honegger 1994) . In lichens with chlorobionts, carbohydrates are transferred to the heterotrophic host in the form of sugar alcohols, while cyanobionts provide fixed carbon as glucose (Richardson et al. 1967; Richardson & Smith 1968) . A long history of lichenological research has investigated both mycobiontic and phycobiontic partners, especially relating to morphological and genetic diversity, partner-specific evolutionary histories and interactions among the lichen symbionts. However, the study of lichens has been asymmetrically investigated from a mycobiont-dominated perspective, evidenced by the fact that taxonomy of lichens is derived from its mycobiontic partner and follows fungal systematics (Kirk et al. 2008; McNeill et al. 2012) . This mycobiont-dominated view provides only a partial perspective into these fascinating symbiotic phenotypes that result from the interactions of multiple, distinct symbionts (Honegger 2001) .
Lichen phycobionts (Table 1) are essential for the formation of lichen thalli (Ahmadjian 1993) and play important ecological and adaptive roles in the lichen holobiont (e.g. Beck et al. 2002; Casano et al. 2011; Fontaine et al. 2012 ). Here we consider the broad, evolutionary context in which research on lichen phycobionts has developed, and present a review of recent studies with an emphasis on those from the past decade and those focusing on diversity within the class Trebouxiophyceae (Chlorophyta).
Trebouxiophyceae are comprised of coccoid and elliptic unicells, filaments, blades and colony-forming species that occur in diverse terrestrial and aquatic environments. Some representatives have even lost photosynthetic capacity, evolving parasitic heterotrophic lifestyles (Lemieux et al. 2014; Darienko et al. 2015) . Other Trebouxiophyceae are valuable research targets because of their biotechnological potential . From a phylogenetic perspective, Trebouxiophyceae are sister to Chlorophyceae and Ulvophyceae and are subdivided by molecular approaches into three major lineages -the Chlorella, Oocystis and Trebouxia clades (Leliart et al. 2012; ; Fučíkova´et al. 2014; Lemieux et al. 2014; Martínez-Alberola 2015) . Taxonomy within Trebouxiophyceae has undergone numerous genus-level revisions, transfers and splits and new taxonomic descriptions (Neustupa et al. 2011 (Neustupa et al. , 2013 Gaysina et al. 2013; Fučíkova´et al. 2014; Lemieux et al. 2014; Sun et al. 2016; Zahradníkova´et al. 2017 ). Here, we refer to the Table 1 . Alphabetical list of lichen-associated phycobiont genera and species within Trebouxiophyceae. The mycobiont genus or species and the family to which each phycobiont is associated is reported with the corresponding reference(s). Literature composed of molecular data has mainly been included. Information related to photobiont species of the genera Asterochloris and Trebouxia is reported in more detail according to the available references (*). Only the genus name is reported (including multiple species, spp.
¼ species plurimae)
when multiple species have been found to associate with the same mycobiont genus or more detailed information is still lacking (#). The mycobiont family Verrucariaceae is reported separately, being the only one so far known to build lichen symbioses with 13 genera of Trebouxiophyceae. Lichen species authorities are retrievable from MycoBank (http://www. mycobank.org) and are not reported in this table. (2012, 2013) most recent taxonomies when discussing species and genera of lichen phycobionts. Our review is focused on lichen-forming taxa included in the core of the family Trebouxiaceae (Trebouxiales) -the best known, most widespread and most species-rich group of terrestrial, lichen-associated green algae. We highlight how the implementation of culturing, morphological analyses and molecular techniques (e.g. phylogenetics and high-throughput sequencing) are complementary and facilitate a better understanding of diversity in these lichenised microalgae.
Lichen phycobionts have been studied in only a limited number of lichen associations (Honegger 2008; Voytsekhovich et al. 2011; Yahr et al. 2015) , particularly relative to estimated lichen diversity (Lumbsch et al. 2011; Lücking et al. 2016) . In many cases, studies of algal diversity in lichens are constrained by limited availability of lichen material, and research is often focused on those associations represented by the most conspicuous macrolichen lineages (e.g. Parmeliaceae - Leavitt et al. 2015; Physciaceae -Beck et al. 1998) . However, studies investigating phycobiontic diversity of microlichens have provided rewarding insight into the lichen symbiosis (Thüs et al. 2011; Vargas-Castillo & Beck 2012; Muggia et al. 2013; Yahr et al. 2015; Voytsekhovich & Beck 2016) . A reoccurring observation in all lichen-associated phycobiont research is that phycobiont diversity is still poorly characterised, even in common, conspicuous lichens. Sampling rare lichens, new geographic regions and unique ecological niches will most certainly bring new perspectives into the roles of lichen phycobionts in ecology, evolution and symbioses.
Of the approximately 40 genera of green algae within Trebouxiophyceae, 22 are known to form lichen associations; the most species-rich lichen-associated microalgal genera are Trebouxia Puymaly and Asterochloris Tschermak-Woess (Table 1) . Lichen-associated green algal genera within Trebouxiophyceae occur in lichens from diverse geographic regions and ecological conditions (TschermakWoess 1988) . As a striking example of the range of phycobionts associating with the mycobiont partners, a total of 13 genera of trebouxiophycean phycobionts (and one genus of Phaeophyceae, Petroderma Kuckuck) associate with members of the lichen-forming fungal family Verrucariaceae (Thüs et al. 2011) .
Many taxonomically diagnostic morphological traits of phycobionts are influenced by their interactions with other symbionts when in the lichenised state, making accurate identification difficult when algae are in the symbiotic form Ettl & Gärtner 2014; Molins et al. 2018a) . Reliable identification of the algal species may be possible only after detailed anatomical and physiological investigations of pure phycobiontic colonies after isolation and standardised subcultivation. Fortunately, lichen phycobionts are more amenable to isolation from the lichen thallus and subsequent axenic cultivation than the mycobiontic partner (Gasulla et al. 2010; Molins et al. 2018a) . Nevertheless, the isolation of phycobionts is time-consuming and requires specific materials and culture identification using molecular techniques (e.g. DNA bar coding; Hajibabaei et al. 2007 ). In addition, isolations are often hampered by external contamination of epithalline microorganisms (e.g. free-living terrestrial microalgae, bacteria and fungi), which so far have not been demonstrated as active partners of the symbioses. However, molecular techniques provide unprecedented insight into diversity and specimen identification that would otherwise be unobtainable.
By implementing an integrative taxonomic approach (Dayrat 2005; Padial et al. 2010; Pante et al. 2015) , studies of lichen phycobiont diversity have made important strides. By incorporating analyses of morphology-based traits, genetic data from both nuclear and chloroplast loci (Muggia et al. 2014; Moya et al. 2015 Moya et al. , 2018 and empirical species delimitation criteria (de Queiroz 2007), species-level lineages can be robustly circumscribed even in previously unknown or understudied groups. Species descriptions based on this integrative taxonomic approach can serve as reliable reference taxa in subsequent studies (see below).
The range of microbial partners involved in lichen symbioses has recently extended far beyond the traditional, oversimplified two-partner paradigm. For example, bacteria (Cardinale et al. 2008; Grube et al. 2009 Grube et al. , 2015 Bates et al. 2011; Aschenbrenner et al. 2016; Biosca et al. 2016) , basidiomycete yeasts (Duarte et al. 2016; Spribille et al. 2016) , endolichenic fungi (fungi occurring within lichen thalli; Arnold et al. 2009; U'Ren et al. 2012; Muggia et al. 2016a ) and a broad range of algae (Muggia et al. 2013; Moya et al. 2017 ) are now known to be ubiquitous in lichens. These 'other' lichen symbionts show varying degrees of specificity with the major lichen symbionts, the primary mycobiont and photobiont, and likely have adaptive values (Lawrey & Diederich 2003 Arnold et al. 2009; Muggia et al. 2016a; Moya et al. 2017) . Microbial partners in lichen holobionts are known to play distinct ecological roles in lichen thalli Ferna´ndez-Mendoza et al. 2017) . However, understanding the extent to which these additional symbionts affect the formation of thallus structures, physiological processes, ecological adaptations or other roles is still in its infancy. Notwithstanding this complexity, the primary mycobionts and phycobionts are still considered to be the fundamental partners in lichen symbioses, providing rich systems for biological research.
Given the overarching importance of appropriately characterizing phycobiontic diversity in lichen research, this review focuses on synthesising three themes using Trebouxiophyceae and their role as lichen phycobionts: (1) morphological variation and their association with lichen fungi; (2) species-level diversity and evolutionary relationships; and (3) coexistence of Trebouxiophyceae inside lichen thalli and what this means in terms of specificity, selectivity and partner switching. We conclude with a brief perspective into contemporary genomic advances in studying lichenised Trebouxiophyceae, including phylogenomic and metagenomic approaches to understanding diversity and the roles of these important phycobionts.
TREBOUXIOPHYCEAE AS PHYCOBIONTS

Morphological variation and association with lichen-forming fungi
Ultrastructural traits of phycobionts are often altered in the lichenised state; although, these traits are fully developed under axenic culture conditions or in instances where the algae are found free-living, outside of the lichen symbiosis (Archibald 1975; Friedl 1989; Casano et al. 2011; del Hoyo et al. 2011 ) Therefore, since their discovery, lichen phycobionts have been studied from axenic cultures because it was the only way to provide consistent species-level identification without using molecular markers. The core of trebouxiophycean algae is recognised by characteristic vegetative, coccoid cells (Figs 1-12 ) reproducing primarily by aplanospores (Fig. 12) . These cells contain a massive, axial, lobed chloroplast with at least one pyrenoid (Figs 8-12; Archibald 1975; Friedl 1989) . Differences in chloroplast lobe patterns, combined with the diversity of pyrenoid structures, have been used as diagnostic traits for specific and generic delimitation in the core of Trebouxiaceae (Friedl 1989; Sˇkaloud et al. 2005 Sˇkaloud et al. , 2015 Sˇkaloud et al. , 2016 Peksa & Sˇkaloud 2008; Muggia et al. 2010 Muggia et al. , 2014 Català et al. 2016; Molins et al. 2018a) .
TREBOUXIA: The genus Trebouxia was among the first identified lichen phycobionts. Since its original description (Archibald 1975) , Trebouxia has undergone multiple taxonomic revisions. These involved mainly taxa which were initially segregated into the genera Pseudotrebouxia P.A.Archibald and Asterochloris, and species were placed into either Trebouxia or Asterochloris Helms et al. 2001; Sˇkaloud & Peksa 2010) . These genera were distinguished by chloroplast morphology (Tschermak-Woess 1980a, b), with Asterochloris species having chloroplasts with more complex lobed patterns relative to Trebouxia. Subsequent molecular analyses showed that Trebouxia was paraphyletic (Friedl & Zeltner 1994; Friedl & Rokitta 1997) Currently, 28 species of Trebouxia have been formally described (Guiry & Guiry 2017) , although the number of formally described species is clearly a vast underestimate of species-level diversity in this genus (see below). Friedl (1989) separated Trebouxia species into eight groups according to the arrangement and the form of thylakoid lamellae within the pyrenoid matrix. Subsequent studies found a strong congruence between ultrastructural and molecular data (Muggia et al. 2010 (Muggia et al. , 2014 Català et al. 2016; Molins et al. 2018a; Figs 13-21) . Català et al. (2016) emphasised the perspective that the substantial morphological variation in pyrenoid structure observed within Trebouxia species is likely the result of genetically controlled polymorphisms or environmentally induced plasticity; although, they used pyrenoid variation to characterise seven lineages of Trebouxia in the lichen Ramalina fraxinea (Linnaeus) Ach. Similarly, Molins et al. (2018a) suggested that distinct thylakoid arrangements ( Fig. 21 ) could be useful characters to differentiate and characterise Trebouxia lineages that complement species recognition based on pyrenoid ultrastructure. Furthermore, cell wall biomass, monosaccharide composition and extracellular polymers of Trebouxia sp. 'TR9' and T. jamesii (Hildreth & Ahmadjian) Gärtner [coexisting within thalli of R. farinacea (Linnaeus) Ach; Casano et al. 2015] showed clear differences, suggesting close associations between the differential ultrastructure and Pbretention capabilities Álvarez et al. 2012a ) that could be useful as diagnostic taxonomic features.
Trebouxia congeners are common symbionts within the major families of lichenised fungi, with particularly high representation in the mycobiont families Parmeliaceae and Lecanoraceae (as summarised in Table 1 ). Many Trebouxia species or species-level lineages appear to be generalists in lichen associations, with the same phycobiont species associated with a broad range of mycobionts, including associations with distantly related lichen-forming fungal species . ) is associated mainly with species of the lichenised fungal families Cladoniaceae (c. 500 species) and Stereocaulaceae (c. 250 species), but it is also reported for other lichens that grow on soil (terricolous lichens; Table 1 ). Recently, Sˇkaloud et al. (2015) circumscribed a number of new species-level lineages in Asterochloris, including formal descriptions of six new species and the recognition of seven chloroplast typesdeeply lobed, shallowly lobed, crenulate, parietal, flat lobed, echinate and globular chloroplasts. Furthermore, four types of lobe terminations were recognised: elongate, simple, flat and finger-like .
Analyses of morphology-based characters in microalgae have been significantly improved by the pioneering studies of Sˇkaloud and colleagues, who used confocal laser scanning microscopy (CLSM) to investigate chloroplast structure (Sˇkaloud et al. 2005) . CLSM enables detailed character- Fig. 4 . Light microscopy, thallus of Ramilina farinacea after staining with 1% toluidine blue solution. Fig. 5 . Sample of Ramalina farinacea from Tenerife (Canary Islands, Spain), where Trebouxia sp. 'TR9' is the primary phycobiont (differentiated by the fluorescent green colour of the large peripheral vesicles due to the production of ROS); overlay of confocal images showing free radical production (DCF, green), NO production (DAN, blue) and chlorophyll autofluorescence (red). isation of the dynamic changes of chloroplast morphology during ontogeny and the reconstruction of three-dimensional structure of mature chloroplasts. Since then, CLSM has substantially strengthened researchers' ability to develop a quantitative working taxonomy for phycobiont genera in Trebouxiaceae (Peksa & Sˇkaloud 2008; Muggia et al. 2010; Sˇkaloud & Peksa 2010; Sˇkaloud et al. 2015 Sˇkaloud et al. , 2016 Vančurova et al. 2015) .
VULCANOCHLORIS: These technological advancements facilitated, in part, the formal description of a new genus within Trebouxiales -Vulcanochloris Vančurova, Peksa, Nemcova´& Š kaloud -for phycobionts associated with the mycobiont Stereocaulon vesuvianum Persoon from the Canary Islands (Vancurova´et al. 2015) . The morphological distinction of Vulcanochloris from other genera in Trebouxiaceae was corroborated by molecular phylogenetic analyses of both the nuclear 18S rDNA and the ribulose bisphosphate carboxylase large subunit (rbcL) cpDNA loci (Vančurova´et al. 2015; see below) . Members of Vulcanochloris are distinguished from members of Asterochloris by the former having a unique pyrenoid ultrastructure, which presents spherical inclusions and electron-lucent, spherical to elongated regions within the matrix. Interestingly, this pyrenoid ultrastructure is unknown in other green algae. Within Vulcanochloris, three species -V. canariensis Vančurova, Peksa, Nemcova´& Sˇkaloud; V. guanchorum Vančurova, Peksa, Nemcova´& Sˇkaloud; and V. symbiotica Vančurova, Peksa, Nemcova´& Sˇkaloud -have been described (Vančurova´et al. 2015) ; although, it is likely that a wider sampling of lichens in similar ecological niches might lead to the detection of further diversity and new Vulcanochloris species. The three known congeners show multiple chloroplast morphologies, with V. symbiotica being the most variable, in which a deeply lobed chloroplast is most frequently observed. Chloroplast lobes of V. guanchorum are smooth; whereas, crenulate chloroplasts are found exclusively in V. canariensis (Vancurova´et al. 2015) . DICTYOCHLOROPSIS: A similar integrative approach was implemented for revising the genus Dictyochloropsis (Sˇka-loud et al. 2016 ). This genus is easily recognised by its distinctive, reticular parietal chloroplast in young cells, which at maturity becomes multilayered with lobes extending towards the centrally located nucleus (Geitler 1966; Tschermak-Woess 1984; Sˇkaloud et al. 2005 Sˇkaloud et al. , 2016 . Two major chloroplast types were recognised in Dictyochloropsis: a parietal chloroplast with a peripheral network of interconnected lobes, and a multilayered chloroplast with several interconnected layers of lobes which penetrate inwards, sometimes approaching the central nucleus (TschermakWoess 1984) . The original diagnosis of Dictyochloropsis (Geitler 1966) was based on only free-living algae with a reticulate chloroplast, forming lobes in a parallel arrangement at some ontogenetic stages, and which reproduced only by autospores. Subsequently, Tschermak-Woess (1984) emended the genus and described new species. These included lichenised taxa reproducing by asexual autospores and with choloroplasts with diverse ontogenetic stages.
Molecular phylogenetic analyses revealed that specimens representing Dictyochloropsis belonged in two distinct distantly related clades, rendering the genus polyphyletic and corroborating that the nominal genus represented two genera (Sˇkaloud et al. 2007; Dal Grande et al. 2014b) . The name Symbiochloris Š kaloud, Friedl, A.Beck & Dal Grande was proposed for the new genus, corresponding to the Dictyochloropsis 'clade 2' sensu Dal Grande et al. (2014b) . Symbiochloris is comprised of both free-living and lichenised algae which reproduce by forming zoospores characterised by two subapical, isokont flagella that emerge symmetrically near the flattened apex; the chloroplast is parietal and reticulate with lobes not parallel. Symbiochloris now includes nine species, of which three were newly described . The two species of Dictyochloropsis -D. splendida Geitler and D. (Guiry & Guiry 2017) . Species in these two genera have small elliptic to oval or kidney-shaped cells and typically reproduce by forming two to four cells by oblique division. They are also characterised by a mucilaginous cap, which is one-sided in Pseudococcomyxa but covers the whole cell in Coccomyxa sensu stricto. In these microalgae, morphological characterisation and delimitation at a generic or species level are challenging because many descriptions are based on studies of field samples and without using morphological traits from axenic cultures. Pseudococcomyxa has been reported only rarely as a phycobiont of lichen-forming fungi (Muggia et al. 2011) , highlighting the difficulty in distinguishing it from Coccomyxa based on morphology (Darienko et al. 2015) . Indeed, Pröschold & Leliaert (2007) demonstrated that the authentic strain of Pseudococcomyxa simplex SAG 216-9a belongs to Coccomyxa, and both are included in the Elliptochloris clade in Trebouxiophyceae (Darienko et al. 2015) . More recently, Darienko et al. (2015) reviewed 41 strains which were identified as Coccomyxa/ Pseudococcomyxa and, using an integrative taxonomic approach of DNA bar coding and morphological and physiological plasticity, delineated seven species-level lineages. The authors, however, stressed that morphological features within a single species-level lineage may vary based on environmental and culture conditions and phenotypic data, and must be based on a wide sampling (Darienko et al. 2015) .
Members of Elliptochloris, with seven currently accepted species (Guiry & Guiry 2017), generally have spherical vegetative cells and two types of autospores, and consistently lack mucilage layers (Tschermak-Woess 1980b). Members of this genus have been reported to associate with a few species in the lichenised mycobiont genera Catolechia Flotow, Placynthiella Elenkin and Micarea E.M.Fries, as well as with the species Verrucaria sublobulata Eitner ex Servít (Tschermak-Woess 1980b; Thüs et al. 2011; Voytsekhovich et al. 2011; Yahr et al. 2015) .
Coccomyxa/Pseudococcomyxa and Elliptochloris all bear characteristic cell walls rich in sporopollenin-like polymers; the cell walls are three-layered in Coccomyxa, conferring high resistance to degradation (Honegger 1982) . Due to the type of cell wall, fungal haustoria cannot penetrate the algal cells in the symbiotic stage (Brunner & Honegger 1985; Muggia et al. 2011) , and it has been speculated that this is why very few fungi lichenise with these microalgae.
APATOCOCCUS: Recent phylogenetic and morphological analyses confirmed the identity of Apatococcus (Chodat) G.B.Petersen as the phycobiont of the lichen-forming fungal genus Fuscidea V. Wirth & Veˇzda (Zahradníkova´et al. 2017) . For a long time, the coccoid green algae associated with Fuscidea spp. remained undetermined, and different authors assigned them to diverse genera (Zahradníkova´et al. 2017 and references therein). In their work, Zahradníkova´et al.
(2017) recognised Apatococcus as a monophyletic lineage in Trebouxiophyceae and distinguished two lichenised species: A. fuscideae Beck & Zahradníkova´, which was formerly described as new to science, and Apatococcus sp. While A. fuscideae forms its own subclade, 'group F', Apatococcus sp. is accommodated in a clade, 'group E', together with freeliving congeners (Zahradníkova´et al. 2017) . The authors further report unique ITS sequences and ITS2 secondary structure among the groups recovered in their study, highlighting the need to investigate species-level diversity within this phycobiont genus in more detail.
OTHER GENERA: The microalgal genera Auxenochlorella (Table 1) . Because the corresponding records are still too few, little is known about their range of diversity in lichen associations. Future studies focusing on these poorly known phycobiont genera should be encouraged and will likely provide novel insight into the range of symbiont interactions (Garrido-Benavent et al. 2017) .
Towards an integrative taxonomic approach for species recognition
Analyses of morphological and ultrastructural traits from cutured isolates have not paralleled the massive amount of molecular data generated for Trebouxia symbionts. This has resulted in the discovery of a plethora of previously unrecognised phylogenetic lineages that do not fit the current taxonomy (see discussion below) but lack detailed morphological or anatomical assessment. The majority of these lineages await formal species description and recognition. The absence of morphological characterisation for the vast majority of specimens making up these phylogenetic lineages highlights a critical knowledge gap in understanding phycobiont diversity and important challenges in developing a robust working taxonomy for these microalgae.
Given the influence of environmental and symbiotic conditions on phenotypic traits in lichen phycobionts, morphological analyses should be performed on axenic algal cells cultured under standardised conditions and at the same growth stage. A standardised protocol has been proposed: culturing Trebouxia on a basal medium, such as Bold Basal Medium (Bold 1949; Bishoff & Bold 1963) , and performing morphological and ultrastructural analyses at the 21st day of cultivation ( Adhering to these standardised culturing practices would facilitate reliable comparisons between specimens and taxa.
GENETIC DIVERSITY OF LICHENISED TREBOUXIOPHYCEAE
New perspectives from species delimitation and phylogenetic relationships TREBOUXIA: Genetic studies on lichen phycobionts started over 20 years ago, and now the use of molecular sequence data has become the predominant approach for assessing phycobiont diversity. Congeners in Trebouxia were the first to be analysed using molecular approaches, and diversity has largely been studied using the ITS region of the nuclear ribosomal cistron. Using ITS sequence data, Helms et al. (arboricola), 'G' (galapagensis), 'I' (impressa) and 'S' (simplex) -which corresponded to morphological characterisation of the chloroplast and pyrenoid (Friedl 1989) . In the literature, the clade labelled 'G' (galapagensis), however, can sometimes be found as synonym of 'C' (corticola; Voytsekhovich & Beck 2016), and whether it should be named after the taxon Trebouxia galapagensis (Hildreth & Ahmadjian) Gärtner or after T. cortícola (P.A.Archibald) Gärtner is still debated.
Currently, it appears that the ITS locus is a suitable bar code by which to estimate genetic species diversity in In Trebouxia, approaches for consistent, comparable circumscription using a phylogenetic species delimitation criterion have been elusive. Similarly, the assignment of unknown sequences to known species or species-level clades using the ITS bar coding marker continues to be problematic. This is especially the case when datasets do not include reference sequences for known species-level clades or sequences from type species from culture isolates. Mounting studies of lichen phycobionts from different geographic origins and ecologies, each aimed to characterise specieslevel diversity of A further compounding challenge associated with characterising diversity in Trebouxia is the fact that the majority of new lineages recovered in phylogenetic analyses come from total DNA extractions (holobiont DNA) from intact lichen thalli and not from culture isolates; thus, morphological characterisation is not yet available. As a result, the vast majority of putative species-level clades in Trebouxia await formal taxonomic recognition.
Given the limitations of empirical species delimitation approaches based on a single genetic marker, a number of studies have attempted to identify additional genetic loci suitable for characterising diversity at the species and populations levels. These include analyses of plastid markers or nuclear protein-coding genes, such as chloroplast LSU and small-subunit (SSU), rbcL or actin type I genes, respectively, and their intronic regions (del Campo et al. 2010a; Nyati et al. 2013) . Data from unlinked genetic markers, coupled with multispecies coalescent methods, provide a rich framework for empirical species delimitation studies in algae .
Multilocus species delimitation studies have been performed in a number of cases for phycobionts of Trebouxia (del Campo et al. 2009 Campo et al. , 2010b Muggia et al. 2010 Muggia et al. , 2014 Moya et al. 2015; Singh et al. 2017) . In earlier studies of species-level diversity in Trebouxia, genealogical congruence has been assessed among multilocus sequence datasets, including the ITS, actin type I genes and their intronic regions (Kroken & Taylor 2000) and type I introns of the chloroplast LSU and SSU rDNA loci (del Campo et al. 2010a; Nyati et al. 2013) . In contrast, the rbcL locus turned out to be highly conserved among Trebouxia species (Muggia et al. 2014); although, this locus has a highly informative phylogenetic signal at higher taxonomic ranks (Leliaert et al. 2012) . As a consequence, rbcL datasets generally fail to produce clear interspecies delimitations among closely related species using a phylogenetic species recognition criterion. Genetic diversity has also been investigated by fingerprint analysis of RAPD and microsatellite loci to explore spatial population structures and phylogeography. However, to date, studies have been performed on only a limited number of Trebouxia species and are constrained by both the availability of pure, axenic culture isolates (Nyati et al. 2013 ) and the development of species-specific microsatellites primers (Dal Grande et al. 2014a) .
Without a robust formal taxonomy for Trebouxia species, a number of studies have attempted to construct a consistent framework for investigating diversity in this green algal genus. For example, Muggia et al. (2014) attempted to include all Trebouxia lineages circumscribed using molecular sequence data that had been recognised up to that time. They stressed the need to standardise the nomenclature of both the existing clades and those which would be identified in the future. The approach was applied by Leavitt et al. (2015) , in which operational taxonomic units (OTUs) were circumscribed from a broad sampling of Trebouxia sequences (over 2300 ITS sequences), and candidate species-level OTUs were suggested within each major clade of Trebouxia using a bar code gap detection approach (Puillandre et al. 2012) . With the aim of promoting effective communication and consistency across forthcoming studies, each OTU was given a numeric code associated with a well-defined major clade -'A', 'G', 'I' and 'S' sensu Helms et al. (2001) -introducing a provisional naming system for Trebouxia phycobionts and providing representative sequences for each (Leavitt et al. 2015) . This system has now been applied by Moya et al. (2017) and Molins et al. (2018a) ASTEROCHLORIS: Molecular species delimitation of the genus Asterochloris has followed a more straightforward path relative to that of Trebouxia. Early molecular phylogenies inferred from fragments of the small nuclear subunit of the rDNA (nrSSU) and large nuclear subunit (nrLSU) (Friedl & Zeltner 1994; Friedl 1995; Friedl & Rokitta 1997) indicated that the first recognised Asterochloris species, at that time still placed within Trebouxia, were recovered in a clade distinct from the core group of Trebouxia species and paraphyletic with Myrmecia. The validity of Asterochloris and its monophyly was later supported by analysis of ITS and 18S rDNA sequences of many lichen phycobionts and algal cultures, including the sequences of the authentic type strain of A. phycobiontica E.Tschermak-Woess (SAG 26.81) (Piercey-Normore & DePriest 2001; Friedl & Büdel 2008) . However, in 2010, Sˇkaloud & Peksa analysed 41 culture isolates and proposed the formal delineation of the genus Asterochloris based on phylogenetic and secondary structure analyses of the ITS rDNA and an intron containing a portion of the actin type I gene sequences (Sˇkaloud & Peksa 2010) . In this work, the authors established formal, new combinations for species formerly in Trebouxia and highlighted hidden genetic diversity. This diversity has been recently explicated with the formal description of six new Asterochloris species and their morphological characterisation (see above; .
SYMBIOCHLORIS: Within lichenised Symbiochloris, the first analyses were performed on the phycobiont associated with the ecologically important lichen-forming mycobiont species Lobaria pulmonaria (Linnaeus) Hoffman , that is, S. reticulata (E.Tschermak-Woess) Skaloud, Friedl, A.Beck & Dal Grande. Symbiochloris reticulata was, in fact, the first lichenised alga for which microsatellite primers were developed to study population structure in relation to dispersal mode of the host mycobiont (Dal Grande et al. 2010 . Subsequently, genetic diversity of the genus was assessed using multilocus phylogenetic analyses (Dal Grande et al. 2014b) , and this was followed by a revision of the genus by Sˇkaloud et al. (2016) . The authors applied a coalescent-based approach, complemented by morphological characters and secondary structure of ITS transcripts, for recognising two genera: Dictyochloropsis, with two species, and Symbiochloris, with seven species of lichenised algae see above) .
OTHER GENERA: Much less information is available about the genetic diversity and species-level molecular species delimitation in lichen-associated green algal genera Coccomyxa/Pseudococcomyxa, Elliptochloris, Myrmecia and Vulcanochloris. For all other lichenised phycobiont genera in Trebouxiophyceae, molecular sequence data are extremely limited (see Thüs et al. 2011 ). Muggia et al. (2011 identified two distinct clades of Coccomyxa/Pseudococcomyxa associated with the facultatively lichenised fungus Schizoxylon albescens Gilenstam, Döring & Wedin. In this study, algal diversity was assessed using a fragment of the chloroplast gene rbcL, and a fragment of the nrSSU and the ITS region (ITS1, 5.8S and ITS2). The sampled strains were closely related to Coccomyxa simplex Mainx, but samples could not be clearly defined further. Alternatively, based on nrSSU and ITS data, within the Elliptochloris clade, eight species of lichenised Coccomyxa were recognised in the Coccomyxa subellipsoidea E.Acton, C. simplex and C. viridis Chodat lineages (Darienko et al. 2015; Malavasi et al. 2016; Gustavs et al. 2017) .
Coexistence of Trebouxiophyceae inside lichen thalli: the blurred boundaries between specificity, selectivity and partner switching
The traditional paradigm that a specific mycobiont associates with one genetically homogeneous population of phycobionts to build up a lichen thallus has been supplanted by the perspective that multiple algal species may reside within a single lichen thallus. The coexistence of multiple Trebouxia species within single lichen thalli was firstly discovered in trebouxian algae associating with the mycobiont Ramalina farinacea from the Mediterranean region (del Campo et al. 2010a Campo et al. , b, 2012 Casano et al. 2011; Català et al. 2016; Moya et al. 2017) . The two species were identified as Trebouxia jamesii (initially named Trebouxia 'TR1'), and a new species-level lineage was provisionally named Trebouxia 'TR9' (Figs 3-5 ). Both Trebouxia species were isolated in culture to examine the effects of temperature and light on growth and photosynthesis. Trebouxia 'TR9' showed a higher performance under relatively high temperatures and irradiances; whereas, T. jamesii thrived at moderate temperatures and irradiances (del Campo et al. 2010b; Casano et al. 2011) . The lichen association comprised of the mycobiont R. farinacea and its two phycobionts became a model to study the coexistence of multiple phycobionts in lichens. Subsequently, the co-occurrence of multiple Trebouxia species and genotypes has been reported in other lichens from diverse geographic origins (e.g. del Campo et al. 2012; Mansournia et al. 2012; Muggia et al. 2013 Muggia et al. , 2014 Dal Grande et al. 2014a; Park et al. 2014; Voytsekhovich & Beck 2016; Singh et al. 2017; Molins et al. 2018a) . In fact, it now appears that multiple phycobiont species within a single lichen thallus are a relatively common phenomenon in lichen symbioses.
Promiscuous algal-fungal associations can take place by means of environmental uptake of the algae either at the beginning of the symbiotic association or during the life span of the lichen, thus increasing intrathallus diversity observed for some Trebouxia species (Dal Grande et al. 2014a). Further, this incidence does not seem to involve only Trebouxia species. Voytsekhovich et al. (2011) reported that the phycobiont species Elliptochloris subsphaerica (Reisigl) Ettl & Gärtner and a Pseudococcomyxa sp. co-occur in thalli of the lichen Micarea melanoloba (Nylander) Coppins (mycobiont), in addition to two Elliptochloris species, E. reniformis Darienko & Pröschold and E. subsphaerica, occurring within a thallus of Micarea peliocarpa (Anzi) Coppins (mycobiont). Furthermore, multiple Coccomyxa strains have been identified in the optionally lichenised fungus Schizoxylon albescens Gilenstam, Döring & Wedin (Muggia et al. 2011 ). Voytsekhovich & Beck (2016 hypothesised that the appearance of multiple phycobiont species in thalli of trebouxioid-associated lichens might be explained by three distinct scenarios: (1) a scarcity of the required alga in the habitat (in case of lichen propagation with spores); (2) an insufficient amount of the primary photobiont for thallus formation; or (3) caused by a relatively low selectivity of the mycobiont towards its photobiont and its ability to use an additional source of carbon.
Apart from fascinating studies of Ramalina farinacea and its two associated phycobionts (del Campo et al. 2010b Campo et al. , 2012 Casano et al. 2011; Català et al. 2016) , the potential functions of the co-occurring phycobionts remain largely unexplored. The general coexistence of multiple algae may represent an evolutionary and survival strategy for those lichens which could either stand adverse and/or changeable conditions or be able to proliferate in a wide range of habitat, likely favoured by the different and complementary ecophysiological responses of the phycobionts . This hypothesis would explain to a certain extent the wide and ecological versatile distribution of some cosmopolitan lichens in which one major phycobiont and a minor fraction of other algae, known to be phycobionts in other lichens, have been identified (Blaha et al. 2006; Pérez-Ortega et al. 2012; Muggia et al. 2013 Muggia et al. , 2014 Moya et al. 2017; Singh et al. 2017) .
Furthermore, there are also cases in which the same phycobiont species, though represented by different genotypes, has been reported for the same lichen species worldwide. Within the lichen symbiosis between the photobiont Trebouxia jamesii with the mycobiont species Cetraria aculeata (Schreber) Fries, congruent genetic structure was observed for both symbionts, emphasising the importance of symbiont codispersal (Ferna´ndez-Mendoza et al. 2011; Domaschke et al. 2012; Printzen et al. 2013) .
Since the discovery of the potential multiplicity of phycobionts within a single lichen thallus, patterns of association that were introduced some years ago should now be reconsidered under this new perspective. 'Specificity' was initially defined as the possible taxonomic range of acceptable partners, in contrast to 'selectivity', which indicated the frequency of association between compatible partners (Yahr et al. 2004 (Yahr et al. , 2006 . 'Photobiont switching' was reported for lichen communities where algal morphospecies and genotypes were shared among different genera and families (PierceyNormore & DePriest 2001). Currently, 'selectivity' and 'specificity' may also be regarded as multidirectional in terms of characterising relationships among lichen symbionts. Hence specificity and selectivity can refer to those of the phycobiont(s) towards certain mycobiont(s) and vice versa. These interactions seem to be heavily impacted by the environmental conditions in which the symbionts reside (Peksa & Sˇkaloud 2011). In fact, the variation of phycobiont-mycobiont associations observed in lichens suggests that the specificity between symbionts is not the only determinant for development of the individual lichen thallus but is further affected by availability (i.e. the occurrence) of compatible partners in relation to the environmental conditions. Under this view, the phycobionts exhibit diverse environmental preferences and develop specific ecophysiological traits which influence their associations with lichenforming fungi (Yahr et al. 2006; Peksa & Sˇkaloud 2011) .
Ecological guilds are understood as groups of co-occurring species which exploit the same environmental resources in the same way (Simberloff & Dayan 1991) . In ecological guilds formed by lichens, the distribution of phycobionts results independently of the particular mycobiont species but is consistent with specific ecological conditions and lichen communities (Peksa & Sˇkaloud 2011) . It has been proposed that lichen communities thriving in specific environmental conditions associate with one to several locally adapted photobionts, and these are distinct from photobionts of a community with different ecology . A recent example of a photobiont-mediated guild (sensu Rikkinen 2003) is reported for the two co-occurring, umbilicate lichen species Lasallia pustulata (Linnaeus) Mérat and Umbilicaria spodochroa Ehrhart ex Hoffmann. These two mycobiont species often associate with the same pool of photobiont species within a single site and across different localities, and it appears that U. spodochroa 'pirates' algal cells from the isidia of L. pustulata, as one rare Trebouxia haplotype was shared by both lichens (Hestmark et al. 2016) .
The variety of specificity and selectivity patterns found in lichens explains the diversity of associations found between mycobionts and phycobionts. The range of potential mycoand phycobiont partners differs by two orders of magnitude. Thus, it is not surprising that specific, reciprocal, one-to-one associations are relatively rare in lichens. While a limited number of specific, reciprocal, one-to-one associations have been detected for Nostoc Vaucher ex Bornet & Flahault cyanobacteria and mycobionts in the lichen-forming fungal family Collemataceae (Ota´lora et al. 2010) , no reciprocal specificity has been confirmed for lichenised trebouxiophyceaen algae and fungi to date. Muggia et al. (2014) hinted at a possible reciprocal specificity between three geographically circumscribed and monophyletic lineages of the mycobiont genus Tephromela M.Choisy and three Trebouxia lineages; however, these results have not been supported by more extended analyses to date.
The presence of multiple phycobionts has also been regarded as a potential cause of the recurrent failure of the direct amplification of the principal phycobionts (Moya et al. 2017) . Further, even with careful cleaning procedures for lichen specimens before DNA extraction and molecular analyses, such as surface sterilisation and rigorous washing to remove superficial particles and epithallus microoroganisms, difficulties are still encountered in removing the whole fraction of closely attached epithalline algae that are observed on untreated specimens. Populations of the lichen Protoparmeliopsis muralis (Schreber) M.Choisy displayed externally visible colonies of algae, and their permanence after cleaning was tested with fingerprint analyses (Muggia et al. 2013) . Indeed, epithalline algal cells can remain trapped in the microtexture of the fungal hyphae of the upper and/or lower cortex of the lichens. When amplified, this fraction of epithalline algae may bias the results of common methods, such as polymerase chain reaction amplification. Whether the epithalline algae should be considered contaminants or, otherwise, be regarded components of the lichen symbioses has not yet been clarified. Recently, Ferna´ndez-Mendoza et al. (2017) showed that lichen-associated fungi represent three coexisting species pools which differ in their trophic association with lichen thalli. Similarly, multiple phycobionts might play diverse and still unexplored ecological and functional roles in lichen symbioses.
The detection and analysis of multiple trebouxiophyceaen phycobionts has been facilitated by the implementation of microsatellite analyses, high-throughput sequencing approaches (see below) and culture isolation methods. In this context, Molins et al. (2018a) highlighted how the detection of multiple algae correlates with the type of isolation and sequencing protocols, as well as with the parts of the thallus selected for the analyses. The authors stressed the importance of replicability of the analyses to reduce methodological biases. At the same time, Molins et al. (2018a) successfully developed an isolation procedure in which the multiple phycobionts are isolated from the thalli and used to generate algal cultures for both ecophysiological and biotechnological studies. Their approach can now be easily applied to other coccoid green microalgae (such as Asterochloris, Myrmecia or Coccomyxa) from a broad range of lichens with diverse growth forms.
GENOMIC ADVANCES IN STUDYING LICHENISED TREBOUXIOPHYCEAE Genomes sequenced by high-throughput sequencing technologies
Progress in the development of high-throughput sequencing has improved our knowledge of genomes, proteomes and transcriptome profile (RNA-Seq) of diverse organisms. Data derived from the annotations of the sequenced genomes of the Chlorophyta have significantly increased in the past years and provide relevant information on many fundamental questions regarding both ecophysiological and evolutionary adaptations in lichen phycobionts.
Most of the 37 complete Chlorophyta genomes annotated in GenBank by December 2017 (https://www.ncbi.nlm.nih. gov/genome/?term¼chlorophyta) were sequenced from green microalgae of economic interest, such as species used in the production of biofuels (lipids) or biofertilizers (hormones) or exploited for their capacity to synthesise large amounts of carotenoids with diverse applications in the cosmetics industry or as food supplements. At the Joint Genome Institute (JGI) Genome Portal, only 14 algal genomes appear to be indexed (by December 2017). Among these are the aquatic prasinophycean Ostreoccocus sp. (RCCS09) and the two lichen symbionts: Asterochloris sp. and Symbiochloris reticulata (https://tinyurl.com/y9typatw). The organelle genomes from mitochondria and chloroplasts are, on the contrary, more frequently sequenced and analysed (97).
In GenBank (https://www.ncbi.nlm.nih.gov/genome/ ?term¼trebouxiophyceae), there are currently 15 annotated genomes belonging to species of Trebouxiophyceae. However, most of these belong to free-living, aquatic or parasitic taxa, and genomes from lichenised trebouxiophycean taxa are still poorly represented. The only exception is the recently included genome of Trebouxia sp. TZW2008 (ID: 54423), isolated from Usnea hakonensis Asahina; whereas, the genome that appears referenced as Trebouxia gelatinosa Ahmadjian ex Archibald (ID 35767) is likely an error of the server, as the sequences match up with those of the lichenised fungus Caloplaca (E. Hinojosa & E. Barreno, unpublished Though poorly sequenced because they are not considered 'model organisms', lichen phycobionts are of great interest for the analyses of those evolutionary processes associated with symbiotic lifestyles. Also, the coexistence of T. jamesii ('TR1') and Trebouxia sp. 'TR9' as primary phycobionts in thalli of Ramalina farinacea made this lichen a specific and selective model by which to investigate the genetic bases of photobiont physiological plasticity . Trebouxia sp. 'TR9' shows novel inducible responses against abiotic stress (del Álvarez et al. 2015) . First surveys of its nuclear and organelle genomes have been generated by 454 and Solexa sequencing technologies (Martínez-Alberola 2015) . The draft nuclear genome assembly of Trebouxia sp. 'TR9' comprises 2626 'contigs' with a total length of 59,121 Mbp. The 'ab initio' annotation gene prediction resulted in 9499 possible gene models; 6364 models were annotated showing at least one term of gene ontology, and of those, 2249 were associated with an enzyme number. Most of the mobile elements were retrotransposons with long terminal repeats, of which the most abundant were gypsy/DIRS1 and Ty1/copia types. A total of 10,922 PFAM protein domains were present in 6544 protein models, and of those, 2147 and 2979 were shared by all or at least by one of the additional microalgal genomes analysed (e.g. Asterochloris sp., Chlorella variabilis I.Shihira & R.W.Krauss, Coccomyxa subellipsoidea and Chlamydomonas reinhardtii P.A.Dangeard). In addition, 19 Chlorophyta-specific PFAM motifs, six specific motifs of Trebouxia sp. 'TR9' and Asterochloris sp. and 23 specific motifs of Trebouxia sp. 'TR9' were found. The identification of proteins involved in carbon uptake suggests that Trebouxia sp. 'TR9' may possess carbon concentration mechanisms similar to C3 and C4/CAM. Gene annotations also showed the presence of virus-related proteins.
The mitochondrial genome of Trebouxia sp. 'TR9' is circular, comprises 70,070 bp and has a total of 61 genes. In addition, nine type I introns were detected in several genes; some of them contained ORFs codifying Homing endonucleases of the LAGLIDADG family. The chloroplast genome of Trebouxia sp. 'TR9' is also circular and shows the typical quadripartite structure of land plant chloroplasts with the inverted repeat regions and a single gene of rbcL. The size of this chloroplast genome is 303,323 bp, resulting in one of the largest known genomes among Chlorophyta. A total of 108 genes and 12 type I introns have been detected; six of them also contain ORFs codifying Homing endonucleases of the LAGLIDADG family.
A phylogeny obtained using the sequences codified by seven genes of the mitochondrial genome of Trebouxia sp. 'TR9', coupled with data from 25 species of green algae (Martínez-Alberola 2015), revealed two new differences with respect to those obtained using only chloroplast genes (Lemieux et al. 2014; Sun et al. 2016) : (1) the Trebouxiophyceae are monophyletic, and (2) the Pedinophyceae are more closely related to Chlorophyceae and Ulvophyceae.
The Trebouxia sp. 'TZW2008', isolated from Usnea hakonensis Asahina and maintained in axenic culture for 8 years (Kono et al. 2017) , was sequenced using Illumina Hiseq2500. The whole genome was included by direct submission in GenBank by Kono M. & Terai Y. in 2016 and had a total length of 69.35 Mbp and a GC content of 49.7%. The accession numbers of the genomic sequences in GenBank are BDIU01000001-BDIU01000677. Interestingly, by analysing the genome of Trebouxia sp. 'TZW2008', Kono et al. (2017) detected bacterial genes and confirmed the presence of an Alphaproteobacterium species. They also demonstrated physical contact and specific physiological interactions between the bacterium and the microalga. The finding further strengthens the previously inferred, important functions of lichen-associated bacteria in supporting lichen symbioses (Grube et al. 2009 ).
Transcriptomics of Trebouxia under simulated stress conditions
Green microalgae living as symbionts with lichen-forming fungi seem to be adapted to drastic and changing aeroterrestrial environmental conditions. Most of these phycobionts included in the genera Trebouxia, Asterochloris, Symbiochloris, Myrmecia and Coccomyxa are considered as desiccation-tolerant species. Many studies reveal interesting results characterising physiological and biochemical mechanisms likely involved in this important adaptation (see Candotto Carniel et al. 2016; Gasulla et al. 2013 Gasulla et al. , 2016 , and references therein). However, until now, only Candotto Carniel et al. (2016) succeeded in expanding our knowledge of the molecular bases of desiccation tolerance in lichen phycobionts, by studying changes in gene expression of Trebouxia gelatinosa during dehydration and rehydration phases . Candotto Carniel et al. (2016) provided an annotated transcriptome of T. gelatinosa; the RNA-seq experiment is deposited at the NCBI Sequence Read Archive database [SRA accession numbers SRX330016 (C), SRX330011 (D) and SRX330015 (R)]. Their analysis of over 13,000 protein-coding transcripts revealed that the desiccation tolerance of T. gelatinosa relies mostly on constitutive mechanisms. Similar results were obtained using other experimental approaches with Asterochloris erici (Ahmadjian) Sˇkaloud & Peksa and Trebouxia sp. 'TR9' (Gasulla et al. 2009 Álvarez et al. 2012a; Casano et al. 2015) .
A phylogenetic inference of desiccation-related proteins clearly pointed out that some of these proteins were likely acquired through horizontal gene transfer (HGT) from extremophile bacteria, some of them symbiotic within the lichen thalli (Candotto Carniel et al. 2016) . Additional evidence supporting HGT processes between algae, bacteria and fungi were found by del Campo et al. (2009) Beck et al. (2015) pointed to HGT processes between lichenised fungi and algae, suggesting that these may have taken place after the long-lasting, intimate relationships in the lichen thalli were established. In particular, three genes were suggested to have been involved in HGT events in the early evolutionary history of fungi and Trebouxiophyceae green algae and appeared to predate the origin of lichen symbiosis between fungi and algae, with this HGT event estimated to have occurred over 600 million years ago (Beck et al. 2015) . These results suggest that lichen thalli are model systems for studies of horizontal transfers of genetic material among distantly related organisms, such as bacteria, fungi and green algae.
CHALLENGES AND PROSPECTS
In the past 10 years, an increasing number of phylogenetic studies on diversity and relationships within lichenised Trebouxiophyceae, with special focus on the genus Trebouxia, have highlighted the pressing need for a robust delimitation of species boundaries and formal species recognition within an integrative framework. Although rich culture collections now house numerous algal species, facilitating novel possibilities for diverse research interests, molecular sequence data continue to be generated more rapidly than axenic algal cultures. Therefore, information on morphological and anatomical traits are absent for the vast majority of novel lineages recovered in molecular phylogenetic analyses, as is often the case when unique ecological niches or poorly explored geographic regions are investigated in more detail. To facilitate an integrative taxonomic framework for lichenised algae, we propose an interdisciplinary road map for future research, including the standardisation of (1) culture conditions, (2) analyses of morphological and ultrastructural traits for meaningful comparison and (3) clade nomenclature in phylogenetic studies. This approach will lead to an improved perspective of species-level taxonomy among lichen photobionts and a better understanding of diversity and interactions of algae in lichen thalli.
The internal transcribe spacer region (ITS1, 5.8S, and ITS2; ITS) has shown potential as a general bar code for molecular-based specimen identification in Trebouxiophyceae. In spite of the potential utility of the ITS for diagnosing distinct algal species, molecular species delimitation analyses using a single locus provide only a starting point for empirically delimiting robust species boundaries. We encourage the use of additional genetic markers to improve molecular-based species delimitation and specimen identification in lichenised Trebouxiophyceae. Incorporating morphological and ultrastructural traits from axenic cultures representing candidate species circumscribed using molecular sequence data in formal taxonomic treatments will be fundamental to facilitate a robust taxonomy within an integrative framework.
High-throughput sequencing approaches are powerful tools for understanding symbiotic systems, and they are finding an increasing application in lichenology and phycology. The astonishing microalgal diversity hidden inside lichen thalli strengthens the perception of lichens as multispecies symbiotic ecosystems where many species likely act as primary producers in the symbioses. Metabarcoding and 'omics' techniques will be central to characterising the extent to which accessory algae are involved in the lichen symbiosis and how, when and why lichen mycobionts acquire different microalgae. Further, high-throughput sequences approaches will be helpful in exploring potential ecological functions (in terms of physiolological performance of the algae at specific environmental conditions) that accessory and/or lowabundance taxa may play in the fitness of lichens. How multiple microalgal species are maintained and distributed in lichen thalli remains largely unexplored. An improved perspective into diversity of lichenised algae, including formal taxonomic treatments and robust specimen identification approaches, will advance our understanding of these fascinating symbiotic systems. 
